In this study the influence of high-voltage pulses on bleomycin cytotoxicity towards mouse hepatoma MH-22A and rat glioma C6 cells in vitro was determined. It was obtained that combining bleomycin with pulses of strong electric field significantly enhances the number of cells killed by bleomycin. Bleomycin alone was cytotoxic to both cell lines at concentrations above 1 µM. Treatment of cells by electric pulses in the presence of bleomycin greatly potentiated its cytotoxicity towards both cell lines tested -the bleomycin concentration required to reduce cell survival by 50% was 3.5-3.8 nM only. Exposure of cells to electric pulses only did not reduce cell viability.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide with an estimated 0.5-1 million new cases annually around the world [1, 2] . So far, the only curative therapy options are liver resection or orthotopic liver transplantation [3] . Unfortunately, most patients (80%) are inoperable and hepatoma cells are resistant to conventional chemotherapeutic approaches [4] . Similar situation is with malignant glioma. It is the most common primary central nervous system (CNS) tumour but radical tumor resection is impossible, while the efficiencies of radiotherapy and chemotherapy are unsatisfactory [5] . To reduce the morbidity and mortality of HCC and glioma, the development of novel therapies for advanced diseases is of paramount importance [6] .
One of such therapies might be electrochemotherapy which is a combination of chemotherapy and a transient permeabilization of the cell membrane with pulses of strong electric field (electroporation) facilitating the entry of anti-cancer drugs directly into the cytosol [7] . It is a rather new approach for cancer therapy and, despite that the clinical trials have already been carried out in several countries the procedures are not optimized yet. Here, electrochemotherapy studies have been carried out in vitro with mouse hepatoma MH-22A and rat glioma C6 cells.
Materials and methods
Experiments were performed in vitro with two tumor cell lines: mouse hepatoma MH-22A and rat glioma C6 * corresponding author; e-mail: g.saulis@gmf.vdu.lt cells. The cells were grown in monolayer cultures in 60 ml flasks at 37
• C and 5% CO 2 in water-jacketed incubator IR AutoFlow NU-2500E (NuAire, Plymouth, MN, USA). When cells reached confluence they were trypsinazed for 2 to 10 min with 2 ml of 0.25% trypsin-0.02% ethylenediaminetetraacetic acid (EDTA) solution (cat. no. T4049, Sigma-Aldrich Chemie). When cells detached from the flask bottom, cell suspension was supplemented with 2 ml culture medium. After centrifugation of the suspension for 5 min at 1000 rpm, cells were resuspended in a minimum essential medium Eagle at a concentration of approximately 1 × 10 6 cells/ml. Then 45 µl of the cell suspension was mixed with 5 µl of bleomycin solution, placed between two stainless-steel electrodes 2 mm apart, and subjected to a single square-wave electric pulse with the duration of 0.1 or 1 ms and the amplitude ranging from 0.2 to 2.4 kV/cm.
After the exposure to an electric pulse, the cells were incubated for 20 min at room temperature. Then the cell suspension was diluted with 1.56 ml of a minimum essential medium Eagle (37 • C) and after an additional incubation for 10 min at 37
• C, cells were seeded in duplicate (≈ 300 cells/35 mm diameter Petri dish). All manipulations that required sterile conditions were done in a vertical laminar flow cabinet (Aura Vertical SD4, BIOAIR Instruments, Siziano, Italy). The cells in Petri dishes were incubated at 37
• C and 5% CO 2 in the incubator for 6 (rat glioma C6) or 10 (mouse hepatoma MH-22A) days.
The efficiency of the exposure to bleomycin as well as cell sensitivity to combined treatment with bleomycin and electric pulses were estimated from the reduction of the cell viability. The cell viability was determined by means of a colony-forming assay [8] . After 6 or 10 days, the colonies were fixed with 96% ethanol, stained with a Gram's crystal violet solution (Fluka Chemie, Buchs, Germany), and counted under a binocular light microscope. The cell viability was calculated as the percentage of the colonies obtained from the untreated control cells [9] .
Results and discussion
To study the action of bleomycin on electroporated cells and the action of various factors on its efficiency it is necessary to find such an electric treatment when a large fraction of cells becomes permeable to bleomycin but, at the same time, only a small fraction of cells is killed by an electric treatment. So, at the beginning, the dependence of the fraction of cells the membranes of which have became permeable to bleomycin and the fraction of cells that were killed by exposure to a single square-wave electric pulse on the pulse amplitude were determined. These relationships obtained for mouse hepatoma MH-22A cells exposed to a pulse with the duration of 100 µs are shown in Fig. 1 . The same relationships were also obtained for rat glioma C6 cells exposed to a square-wave electric pulse with the duration of 1 ms (data not shown). It can be seen from Fig. 1 that pores permeable to bleomycin appeared in the cell plasma membrane at electric field intensities higher than 0.3-0.4 kV/cm, and that with increasing pulse intensity there is an increase in the number of cells permeable to bleomycin. The cells that were killed just by the exposure by an electric pulse appeared at electric field intensities higher than 1.5 kV/cm (Fig. 1) . For an electric pulse with the amplitude of 2.0 kV/cm, the plasma membranes of almost all cells (≈ 97%) became permeable to bleomycin but only a small fraction of cells (≈ 9%) died due to the action of an electric pulse alone. Such pulses (2.0 kV/cm, 100 µs) were used for subsequent studies on the influence of electric pulses on the efficiency of bleomycin cytotoxicity on mouse hepatoma cells. In the subsequent experiments with rat glioma cells the electric pulses with amplitude of 0.8 kV/cm and the duration of 1 ms were used.
The influence of an electric pulse on the cytotoxic efficiency of bleomycin was estimated from the reduction of cell viability after exposure to bleomycin alone and in combination with electric pulses. Cell viability was determined by means of a colony-forming assay [8] . The dependences of the viability of intact cells and cells exposed to an electric pulse on the concentration of bleomycin obtained for mouse hepatoma MH-22A and rat glioma C6 cells are shown in Fig. 2 . It can be seen from Fig. 2 that bleomycin alone is cytotoxic for cells in concentrations above 10-20 nM. To reduce the viability of mouse hepatoma MH-22A and rat glioma C6 cells high concentrations of bleomycin are required (26 and 1.5 µM, respectively). Recall that an electric pulse alone is not cytotoxic to these cancer cell lines. Meanwhile, permeabilization of the cell plasma membrane to bleomycin by exposure of them to a square-wave electric pulse significantly increases the cytotoxic activity of bleomycin in the case of both cancer cell lines tested. To reduce the cell viability by 50% much lower concentrations of bleomycin were required -3.8 and 3.5 nM for mouse hepatoma MH-22A and rat glioma C6 cells, respectively.
Conclusions
It can be concluded that combining bleomycin with pulses of strong electric field significantly enhances the number of cells killed by bleomycin. Neither bleomycin at concentrations lower than 50 nM, nor electric pulse alone was cytotoxic to both cancer cell lines. Treatment of cells by electric pulses in the presence of bleomycin greatly potentiated its cytotoxicity towards both cancer cell lines tested -the bleomycin concentration required to reduce cell survival by 50% was reduced from 1.5-26 µM to 3.5-3.8 nM, i.e., 430-6800 times.
